a,a-Disubstituted a-amino acids, such as 2-amino-2-methyl-3-phenylpropanoic acid (1; a-methylphenylalanine) and 2-amino-2-benzyl-3-hydroxypropanoic acid (a-benzylserine), are known as enzyme inhibitors and as conformational modifiers in physiologically important peptides. 1) For example, the dipeptide that is synthesized from optically active 1 and N-benzoylglycine is a substrate for carboxypeptidase A.
2) (R)-and (S)-1 have been synthesized by conversion of optically active 2-methylaziridine-2-carboxylic acid, 3) by reduction of optically active N-benzoyl derivative (2) of abenzylserine, 4) and by alkylation of the Schiff's base, formed from benzaldehyde and DL-alanine ester, using enantiopure 2-hydroxy-2Ј-amino-1,1Ј-binaphthyl as the catalyst. 5) Among the reagents which are employed in the above syntheses, optically active 2 is seemed to be easily obtained by optical resolution of its racemate, which is synthesized from L-phenylalanine (L-Phe). 4, 6) Therefore, we attempted to obtain optically active 1 via optical resolution of (RS)-2.
Preferential crystallization and separation of a diastereoisomeric mixture have been well employed for optical resolution. 7) Although (RS)-2 has been optically resolved by separation of the diastereoisomeric salts with quinine to obtain optically active 2, 4) the optical resolution by preferential crystallization of (RS)- 2 have not yet been reported. Racemates exist in the forms of racemic compounds, racemic solid solutions, and conglomerates (racemic mixtures), among which only conglomerates can be optically resolved by preferential crystallization. 7) Since we found that (RS)-2 exists as a conglomerate at room temperature, (RS)-2 was subjected to optical resolution by preferential crystallization. The obtained (R)-and (S)-2 were attempted to be reduced by zinc powder and sodium iodide to give optically active 1 (Chart 1). 4, 6, 8) We first attempted the optical resolution of (RS)-2 by separation of the diastereoisomeric salts with optically active amines such as cinchonidine (7), a-methylbenzylamine, and 2-amino-1-(4-nitrophenyl)-1,3-propanediol. Of these amines, only 7 formed a good crystalline salt with 2. The salt of (S)-2 with 7 [(S)-2 · 7 salt] was crystallized as a less-soluble diastereoisomeric salt and the more-soluble (R)-2 · 7 salt was obtained from the filtrate. After treating these salts with hydrochloric acid, the obtained (S)-and (R)-2 were recrystallized from ethanol to give optically pure (S)-and (R)-2 in yields of about 70%, based on half of the starting amount of (RS)-2.
Results and Discussion
Since the (S)-and (R)-2 partially resolved by the diastereoisomeric method were recrystallized from ethanol to give optically pure (S)-and (R)-2, (RS)-2 was postulated to exist as a conglomerate. (RS)-2 has a lower melting point than (S)-2; (RS)-2, 161°C; (S)-2, 173°C. Although the melting-point binary phase diagram suggested that (RS)-2 forms a racemic compound, as shown in Fig. 1 , 7) its IR spectrum was identical to that of (S)-2. In addition, (RS)-2 was more soluble than (S)-2 at 10°C; solubility of (RS)-2, 10.773 g (100 ml of ethanol)
Ϫ1
; solubility of (S)-2, 6.025 g (100 ml of ethanol)
Ϫ1 . The solubility ternary phase diagram at 10°C (Fig. 2) suggests that (RS)-2 can exist as a conglomerate at room temperature, even a racemic compound at the melting point.
Thus, (RS)-2 was tried to optically resolve by preferential crystallization at 10°C in ethanol. To optimize conditions, the optical resolution was conducted by stirring 140-170% supersaturated solutions for 20-60 min, as shown in Figs. 3 and 4 and summarized in To synthesize optically active 2-amino-2-methyl-3-phenylpropanoic acid (1), (RS)-2-benzoylamino-2-benzyl-3-hydroxypropanoic acid [(RS)-2] was first optically resolved using cinchonidine as a resolving agent to yield optically pure (S)-and (R)-2 in yields of about 70%, based on half of the starting amount of (RS)-2. Next, the racemic structure of (RS)-2 was examined based on melting point, solubility, IR spectrum, and binary and ternary phase diagrams, with the aim of optical resolution by preferential crystallization of (RS)-2. Results indicated that the (RS)-2 exists as a conglomerate at room temperature, although it forms a racemic compound at the melting point. The optical resolution by preferential crystallization yielded (S)-and (R)-2 with optical purities of about 90%, which were fully purified by recrystallization. After O-tosylation of (S)-and (R)-2, reduction by zinc powder and sodium iodide gave (R)-and (S)-1, respectively.
ployed as seed crystals. The yield of enantiomer [YE (g)], degree of resolution [DR (%)] of (S)-2 obtained, and the amounts of crystallization [AC (S) and AC (R) (g)] were calculated from
where the solubility of (RS)-2 is 2.155 g in 20 cm 3 of ethanol at 10°C and Yield is the sum of the amounts of the crystallized 2 and seed crystals (0.050 g). OP is the optical purity of the obtained (S)-2 and was calculated on the basis of the reported specific rotation of (R)
The yield of enantiomer [YE (g)] is the amount of crystallized optically pure (S)-2 and corresponds to the theoretical yield of optically pure (S)-2 obtained by separation from partially resolved (S)-2.
When the 140-170% supersaturated solutions were employed, the amount of crystallization of the seeded (S)-2 in- creased with increasing degree of supersaturation, after a resolution time of 30 min (Fig. 3) . On the other hand, rapid crystallization of the unseeded (R)-2 was not observed in the optical resolutions for the 140-155% supersaturated solutions (Fig. 3) , although (R)-2 crystallized rapidly from the 160 and 170% supersaturated solutions. Thus, the optical resolution for the 155% supersaturated solution at 30 min gave (S)-2 with an optical purity of 85% in the highest degree of resolution (58%). Furthermore, the optical resolution for the 155% supersaturated solution was carried out at resolution times of 20-60 min (Fig. 4) . The unseeded (R)-2 began to crystallize rapidly at 50 min, but did not during the first 40 min. Therefore, the optical resolution at 40 min gave (S)-2 with an optical purity of 89% in the highest degree of resolution (70%). Next, successive optical resolution was attempted by stirring the 155% supersaturated solution as the initial solution for 40 min ( Table 2 ). The degrees of resolution [DR (%)] of (S)-and (R)-2 obtained were calculated from
where the operation amount is the amount of (S)-or (R)-2 in the solution used in the optical resolution and those in runs 2-4 in Table 2 were calculated based on the yields and optical purities of the (S)-or (R)-2 obtained in runs 1-3, respectively. The half amount for solubility of (RS)-2 is 1.077 g in 20 cm
3 of ethanol at 10°C. The optical resolution afforded (S)-and (R)-2 with optical purities of about 90% in degrees of resolution of 70-81% and the partially resolved (S)-and (R)-2 could be purified by simple recrystallization.
The O-tosyl derivatives of (S)-and (R)-2 [(S)-and (R)-8] were subjected to reductive removal of their tosyloxy groups with zinc powder and sodium iodide, via the iodide intermediates (9) , to give the N-benzoyl derivative of optically active 1 (10) . 4, 8) Thus (R)-and (S)-1 were afforded from (S)-and (R)-2, after hydrolysis of (R)-and (S)-10, respectively, as shown in Chart 1.
Experimental
General Specific rotations were measured at 589 nm and 20°C with a Horiba Seisakusho SEPA-300 auto polarimeter equipped with a quartz cell with a 5.00 cm path length. IR spectra were obtained in the range of 4000- 9) 187-188°C). L-Phe was purchased from Wako Pure Chemicals Ind.
(
RS)-5-Benzoylamino-5-benzyl-4-oxo-1,3-dioxane [(RS)-3]
A solution of DL-4 (202 g, 750 mmol) in acetic anhydride (650 g, 6.37 mol) was stirred at 95°C for 1 h. After evaporation of the solution in vacuo at 75°C, followed by addition of pyridine (90 ml) and 380 ml of 37 wt% aqueous formaldehyde to the residue, the mixture was stirred at room temperature for 12 h and was then poured into 1 l of water. The precipitated (RS)-3 was collected by filtration, washed with water, and dried. After dissolving the crude (RS)-3 (190 g) in 500 cm 3 of methanol on heating, followed by being allowed to stand the solution at 5°C overnight, the precipitated (RS)-3 was collected by filtration and dried. Yield, 121 g (51.8%); mp 176-179°C (lit, 6) 176-178°C (
RS)-2-Benaoylamino-2-benzyl-3-hydroxypropanoic Acid [(RS)-2] After adding 2 mol dm
Ϫ3 aqueous sodium hydroxide (25 ml) to a suspension of (RS)-3 (12.2 g, 38.7 mmol) in 25 ml of dioxane, followed hy stirring the solution at room temperature for 1 h, the dioxane was evaporated in vacuo at 60°C. The aqueous layer was acidified with 2 mol dm Ϫ3 hydrochloric acid and then the mixture was stirred in an ice bath for 1 h. The precipitated (RS)-2 was collected by filtration and then was recrystallized from ethanol (3.3 ml g Ϫ70.0°(cϭ1.00, methanol) (lit., 4) [a] D 20 Ϫ69.5°(cϭ1.00, methanol)). Optical Resolution by Preferential Crystallization of (RS)-2-Benzoylamino-2-benzyl-3-hydroxypropanoic Acid [(RS)-2] (RS)-2 (3.016-3.663 g) was dissolved in 20 ml of ethanol at 40°C and the solution was gradually cooled to 10°C over a period of 1 h and then seeded with 0.050 g of (S)-2. After stirring the mixture with a blade (0.70 cm width; 2.0 cm length) at 100 rpm at 10°C for 30 min, the crystallized (S)-2 was quickly collected by filtration and thoroughly dried.
Optical resolution was carried out for the 155% supersaturated solution (3.340 g of (RS)-2 in 20 ml of ethanol) by stirring for 20-60 min at 10°C in a manner similar to that described above.
Successive Optical Resolution of (RS)-2-Benzoylamino-2-benzyl-3-hydroxypropanoic Acid [(RS)-2] (RS)-2 (3.340 g) was dissolved in 20 ml of ethanol at 40°C. The solution was gradually cooled to 10°C over a period of 1 h and then seeded with 0.050 g of (S)-2. After stirring the mixture at 10°C for 40 min, (S)-2 (0.527 g) was quickly collected by filtration and thoroughly dried (run 1 in Table 2 ). (RS)-2 (0.480 g) was dissolved in the filtrate at 40°C and then the resulting solution was gradually cooled to 10°C. (R)-2 (0.050 g) was added as seed crystals and then the mixture was stirred for 40 min. (R)-2 (0.733 g) was collected by filtration and dried (run 2 in Table  2 ). The filtrate was treated in a manner similar to that described above; the detailed conditions for runs 3 and 4 are given in Table 2 .
A mixture of (S)-2 (2.30 g) with an optical purity of 64% in 8 ml of ethanol was vigorously stirred at 10°C for 5 h. Then the purified (S)-2 (1. .0 mmol) in 25 ml of pyridine at 0°C. After being allowed to stand at 5°C for 3 d, the solution was poured on ice-water (150 ml). The mixture was extracted with chloroform (4ϫ50 ml) and then the organic layer was washed with water (3ϫ50 ml), 1 mol dm Ϫ3 hydrochloric acid (3ϫ50 ml), and then water (3ϫ50 ml). After dried over magnesium sulfate, the organic layer was evaporated to dryness in vacuo to give crude the (S)-8, which was recrystallized from ethyl acetate (50 ml) and hexane (250 ml). (R)-8 was prepared from (R)-2, in a similar manner to (S)-8.
( C-NMR and IR spectra of (R)-8 were virtually identical to those of (S)-8.
R)-and (S)-2-Benzoylamino-2-methyl-3-phenylpropanoic Acid [(R)-and (S)-10]
After stirring a mixture of (S)-8 (4.54 g, 10.0 mmol), sodium iodide (6.49 g, 50.0 mmol), and zinc powder (6.54 g, 100 mmol) in 50 ml of dimethylformamide at 120°C for 10 h, excess of sodium iodide and zinc powder was removed by filtration. The filtrate was evaporated to dryness in vacuo at 70°C and then the residue was dissolved in 100 ml of ethyl acetate. The solution was washed with 0.5 mol dm Ϫ3 hydrochloric acid (3ϫ50 ml) and then water (3ϫ50 ml). After dried over magnesium sulfate, the organic layer was evaporated to dryness in vacuo at 65°C to give (R)-10 as the viscous residue. (S)-10 was prepared from (R)-8, in a similar manner to (R)-10.
(R)-10: Yield, 2.12 g (74.9%). . Preparating a solubility ternary phase diagram, the solubilities of mixtures of (RS)-and (S)-2 were measured at 10°C similarly to the method described above. The solid 2 was filtered off, thoroughly dried, and the specific rotation was measured. The amounts of (R)-and (S)-2 in the solution were calculated based on the solubility of 2 and the specific rotation of the solid 2.
In preparation of the melting-point binary phase diagram, the melting points of the mixtures composed of (RS)-and (S)-2 were measured; after dissolving (RS)-and (S)-2 in an appropriate ratio in methanol, the mixtures were obtained by evaporating the solutions to dryness in vacuo. The melting-point binary phase diagram was prepared from the temperatures at the beginning and end of melting.
